We propose that competition between Kondo and magnetic correlations results in a novel universality class for heavy fermion quantum criticality in the presence of strong randomness. Starting from an Anderson lattice model with disorder, we derive an effective local field theory in the dynamical mean-field theory (DMFT) approximation, where randomness is introduced into both hybridization and Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions. Performing the saddle-point analysis in the U(1) slave-boson representation, we reveal its phase diagram which shows a quantum phase transition from a spin liquid state to a local Fermi liquid phase. In contrast with the clean limit of the Anderson lattice model, the effective hybridization given by holon condensation turns out to vanish, resulting from the zero mean value of the hybridization coupling constant. However, we show that the holon density becomes finite when variance of hybridization is sufficiently larger than that of the RKKY coupling, giving rise to the Kondo effect. On the other hand, when the variance of hybridization becomes smaller than that of the RKKY coupling, the Kondo effect disappears, resulting in a fully symmetric paramagnetic state, adiabatically connected with the spin liquid state of the disordered Heisenberg model. We investigate the quantum critical point beyond the mean-field approximation. Introducing quantum corrections fully self-consistently in the non-crossing approximation, we prove that the local charge susceptibility has exactly the same critical exponent as the local spin susceptibility, suggesting an enhanced symmetry at the local quantum critical point. This leads us to propose novel duality between the Kondo singlet phase and the critical local moment state beyond the Landau-Ginzburg-Wilson paradigm. The Landau-Ginzburg-Wilson forbidden duality serves the mechanism of electron fractionalization in critical impurity dynamics, where such fractionalized excitations are identified with topological excitations.
I. INTRODUCTION
Interplay between interactions and disorders has been one of the central issues in modern condensed matter physics [1, 2] . In the weakly disordered metal the lowestorder interaction-correction was shown to modify the density of states at the Fermi energy in the diffusive regime [3] , giving rise to non-Fermi liquid physics particulary in low dimensions less than d = 3 while further enhancement of electron correlations was predicted to cause ferromagnetism [4] . In an insulating phase spin glass appears ubiquitously, where the average of the spin moment vanishes in the long time scale, but local spin correlations become finite, making the system away from equilibrium [5] .
An outstanding question is the role of disorder in the vicinity of quantum phase transitions [6, 7] , where effective long-range interactions associated with critical fluctuations appear to cause non-Fermi liquid physics [7, 8] . Unfortunately, complexity of this problem did not allow comprehensive understanding until now. In the vicinity of the weakly disordered ferromagnetic quantum critical point, an electrical transport-coefficient has been studied, where the crossover temperature from the ballistic to diffusive regimes is much lowered due to critical fluctuations, compared with the disordered Fermi liquid [9] . Generally speaking, the stability of the quantum critical point should be addressed, given by the Harris criterion [10] . When the Harris criterion is not satisfied, three possibilities are expected to arise [7] . The first two possibilities are emergence of new fixed points, associated with either a finite-randomness fixed point satisfying the Harris criterion at this new fixed point or an infinite randomness fixed point exhibiting activated scaling behaviors. The last possibility is that quantum criticality can be destroyed, replaced with a smooth crossover. In addition, even away from the quantum critical point the disordered system may show non-universal power law physics, called the Griffiths phase [11] . Effects of rare regions are expected to be strong near the infinite randomness fixed point and the disorder-driven crossover region [7] .
This study focuses on the role of strong randomness in the heavy fermion quantum transition. Heavy fermion quantum criticality is believed to result from competition between Kondo and RKKY (Ruderman-Kittel-KasuyaYosida) interactions, where larger Kondo couplings give rise to a heavy fermion Fermi liquid while larger RKKY interactions cause an antiferromagnetic metal [7, 8, 12] . Generally speaking, there are two competing view points for this problem. The first direction is to regard the heavy fermion transition as an antiferromagnetic transition, where critical spin fluctuations appear from heavy fermions. The second view point is that the transition is identified with breakdown of the Kondo effect, where Fermi surface fluctuations are critical excitations. The first scenario is described by the Hertz-Moriya-Millis (HMM) theory in terms of heavy electrons coupled with antiferromagnetic spin fluctuations, the standard model for quantum criticality [13] . There are two ways to realize the second scenario depending on how to describe Fermi surface fluctuations. The first way is to express Fermi surface fluctuations in terms of a hybridization order parameter called holon in the slave-boson context [14, 15] . This is usually referred as the Kondo breakdown scenario. The second one is to map the lattice problem into the single site one resorting to the dynamical mean-field theory (DMFT) approximation [16] , where order parameter fluctuations are critical only in the time direction. This description is called the locally critical scenario [17] .
Each scenario predicts its own critical physics. Both the HMM theory and the Kondo breakdown model are based on the standard picture that quantum criticality arises from long-wave-length critical fluctuations while the locally quantum critical scenario has its special structure, that is, locally (space) critical (time). Critical fluctuations are described by z = 2 in the HMM theory due to finite-wave vector ordering [13] while by z = 3 in the Kondo breakdown scenario associated with uniform "ordering" [15] , where z is the dynamical exponent expressing the dispersion relation for critical excitations. Thus, quantum critical physics characterized by scaling exponents is completely different between these two models. In addition to qualitative agreements with experiments depending on compounds [7] , these two theories do not allow the ω/T scaling in the dynamic susceptibility of their critical modes because both theories live above their upper critical dimensions. On the other hand, the locally critical scenario gives rise to the ω/T scaling behavior for the dynamic spin susceptibility [17] while it seems to have some difficulties associated with some predictions for transport coefficients.
We start to discuss an Ising model with Gaussian randomness for its exchange coupling, called the EdwardsAnderson model [5] . Using the replica trick and performing the saddle-point analysis, one can find a spin glass phase when the average value of the exchange interaction vanishes, characterized by the Edwards-Anderson order parameter without magnetization. Applying this concept to the Heisenberg model with Gaussian randomness, quantum fluctuations should be incorporated to take into account the Berry phase contribution carefully. It was demonstrated that quantum corrections in the DMFT approximation lead the spin glass phase unstable at finite temperatures, resulting in a spin liquid state when the average value of the exchange coupling vanishes [18] . It should be noted that this spin liquid state differs from the spin liquid phase in frustrated spin systems in the respect that the former state originates from critical singleimpurity dynamics while the latter phase results from non-trivial spatial spin correlations described by gauge fluctuations [19] . The spin liquid phase driven by strong randomness is characterized by its critical spin spectrum, given by the ω/T scaling local spin susceptibility [18] .
Introducing hole doping into the spin liquid state, Parcollet and Georges examined the disordered t-J model within the DMFT approximation [20] . Using the U(1) slave-boson representation, they found marginal Fermiliquid phenomenology, where the electrical transport is described by the T -linear resistivity, resulting from the marginal Fermi-liquid spectrum for collective modes, here the ω/T scaling in the local spin susceptibility. They tried to connect this result with physics of high T c cuprates.
In this study we introduce random hybridization with conduction electrons into the spin liquid state. Our original motivation was to explain both the ω/T scaling in the spin spectrum [21] and the typical T -linear resistivity [22] near the heavy fermion quantum critical point. In particular, the presence of disorder leads us to the DMFT approximation naturally [23] , expected to result in the ω/T scaling for the spin spectrum [18] .
Starting from an Anderson lattice model with disorder, we derive an effective local field theory in the DMFT approximation, where randomness is introduced into both hybridization and RKKY interactions. Performing the saddle-point analysis in the U(1) slave-boson representation, we reveal its phase diagram which shows a quantum phase transition from a spin liquid state to a local Fermi liquid phase. In contrast with the clean limit of the Anderson lattice model [14, 15] , the effective hybridization given by holon condensation turns out to vanish, resulting from the zero mean value of the hybridization coupling constant. However, we show that the holon density becomes finite when variance of hybridization is sufficiently larger than that of the RKKY coupling, giving rise to the Kondo effect. On the other hand, when the variance of hybridization becomes smaller than that of the RKKY coupling, the Kondo effect disappears, resulting in a fully symmetric paramagnetic state, adiabatically connected with the spin liquid state of the disordered Heisenberg model [18] .
Our contribution compared with the previous works [24] is to introduce RKKY interactions between localized spins and to observe the quantum phase transition in the heavy fermion system with strong randomness. The previous works focused on how the non-Fermi liquid physics can appear in the Kondo singlet phase away from quantum criticality [24] . A huge distribution of the Kondo temperature T K turns out to cause such non-Fermi liquid physics, originating from the finite density of unscreened local moments with almost vanishing T K , where the T K distribution may result from either the Kondo disorder for localized electrons or the proximity of the Anderson localization for conduction electrons. Because RKKY interactions are not introduced in these studies, there always exist finite T K contributions. On the other hand, the presence of RKKY interactions gives rise to breakdown of the Kondo effect, making T K = 0 identically in the strong RKKY coupling phase.
In Ref. [25] the role of random RKKY interactions was examined, where the Kondo coupling is fixed while the chemical potential for conduction electrons is introduced as a random variable with its variance W . Increasing the randomness of the electron chemical potential, the Fermi liquid state in W < W c turns into the spin liquid phase in W > W c , which displays the marginal Fermi-liquid phenomenology due to random RKKY interactions [25] , where the Kondo effect is suppressed due to the proximity of the Anderson localization for conduction electrons [24] . However, the presence of finite Kondo couplings still gives rise to Kondo screening although the T K distribution differs from that in the Fermi liquid state, associated with the presence of random RKKY interactions. In addition, the spin liquid state was argued to be unstable against the spin glass phase at low temperatures, maybe resulting from the fixed Kondo interaction. On the other hand, we do not take into account the Anderson localization for conduction electrons, and introduce random hybridization couplings. As a result, the Kondo effect is completely destroyed in the spin liquid phase, thus quantum critical physics differs from the previous study of Ref. [25] . In addition, the spin liquid phase is stable at finite temperatures in the present study [18] .
We investigate the quantum critical point beyond the mean-field approximation. Introducing quantum corrections fully self-consistently in the non-crossing approximation [26] , we prove that the local charge susceptibility has exactly the same critical exponent as the local spin susceptibility. This is quite unusual because these correlation functions are symmetry-unrelated in the lattice scale. This reminds us of deconfined quantum criticality [27] , where the Landau-Ginzburg-Wilson forbidden continuous transition may appear with an enhanced emergent symmetry. Actually, the continuous quantum transition was proposed between the antiferromagnetic phase and the valence bond solid state [27] . In the vicinity of the quantum critical point the spin-spin correlation function of the antiferromagnetic channel has the same scaling exponent as the valence-bond correlation function, suggesting an emergent O(5) symmetry beyond the symmetry O(3)×Z 4 of the lattice model [28] and confirmed by the Monte Carlo simulation of the extended Heisenberg model [29] . Tanaka and Hu proposed an effective O(5) nonlinear σ model with the Wess-Zumino-Witten term as an effective field theory for the Landau-GinzburgWilson forbidden quantum critical point [28] , expected to allow fractionalized spin excitations due to the topological term. This proposal can be considered as generalization of an antiferromagnetic spin chain, where an effective field theory is given by an O(4) nonlinear σ model with the Wess-Zumino-Witten term, which gives rise to fractionalized spin excitations called spinons, identified with topological solitons [30] . Applying this concept to the present quantum critical point, the enhanced emergent symmetry between charge (holon) and spin (spinons) local modes leads us to propose novel duality between the Kondo singlet phase and the critical local moment state beyond the Landau-Ginzburg-Wilson paradigm. We suggest an O(4) nonlinear σ model in a nontrivial manifold as an effective field theory for this local quantum critical point, where the local spin and charge densities form an O(4) vector with a constraint. The symmetry enhancement serves the mechanism of electron fractionalization in critical impurity dynamics, where such fractionalized excitations are identified with topological excitations. This paper is organized as follows. In section II we introduce an effective disordered Anderson lattice model and perform the DMFT approximation with the replica trick. Equation (4) is the main result in this section. In section III we perform the saddle-point analysis based on the slave-boson representation and obtain the phase diagram showing breakdown of the Kondo effect driven by the RKKY interaction. We show spectral functions, selfenergies, and local spin susceptibility in the Kondo phase.
Figures (1)- (3) with Eqs. (18)- (21) and (23)- (24) are main results in this section. In section IV we investigate the nature of the impurity quantum critical point based on the non-crossing approximation beyond the previous mean-field analysis. We solve self-consistent equations analytically and find power-law scaling solutions. As a result, we uncover the marginal Fermi-liquid spectrum for the local spin susceptibility. We propose an effective field theory for the quantum critical point and discuss the possible relationship with the deconfined quantum critical point. In section V we summarize our results.
The present study extends our recent publication [31] , showing both physical and mathematical details.
II. AN EFFECTIVE DMFT ACTION FROM AN ANDERSON LATTICE MODEL WITH STRONG RANDOMNESS
We start from an effective Anderson lattice model
where
is a hopping integral for conduction electrons and
are random RKKY and hybridization coupling constants, respectively. Here, M is the spin degeneracy and z is the coordination number. Randomness is given by the Gaussian distribution
The disorder average can be performed in the replica trick [5] . Performing the disorder average in the Gaussian distribution function, we reach the following expression for the replicated effective action
where σ, σ ′ = 1, ..., M is the spin index and a, b = 1, ..., n is the replica index. In appendix A we derive this replicated action from Eq. (1).
One may ask the role of randomness of E d , generating
where density fluctuations are involved. This contribution is expected to support the Kondo effect because such local density fluctuations help hybridization with conduction electrons. In this paper we fix E d as a constant value in the Kondo limit, allowed as long as its variance is not too large to overcome the Kondo limit. One can introduce randomness in the hopping integral of conduction electrons. But, this contribution gives rise to the same effect as the DMFT approximation in the z → ∞ Bethe lattice [20] . In this respect randomness in the hopping integral is naturally introduced into the present DMFT study.
The last disorder contribution can arise from randomness in the electron chemical potential, expected to cause the Anderson localization for conduction electrons. Actually, this results in the metal-insulator transition at the critical disorder strength, suppressing the Kondo effect in the insulating phase. Previously, the Griffiths phase for non-Fermi liquid physics has been attributed to the proximity effect of the Anderson localization [24] . In this work we do not consider the Anderson localization for conduction electrons.
We observe that the disorder average neutralizes spatial correlations except for the hopping term of conduction electrons. This leads us to the DMFT formulation, resulting in an effective local action for the strong random Anderson lattice model
is the local Green's function for conduction electrons and R ab βαγδ (τ − τ ′ ) is the local spin susceptibility for localized spins, given by
respectively. Eq. (4) with Eq. (5) serves a completely self-consistent framework for this problem. Derivation of Eq. (4) from Eq. (3) is shown in appendix B. This effective model has two well known limits, corresponding to the disordered Heisenberg model [18] and the disordered Anderson lattice model without RKKY interactions [24] , respectively. In the former case a spin liquid state emerges due to strong quantum fluctuations while a local Fermi liquid phase appears at low temperatures in the latter case as long as the T K distribution is not so broadened enough. In this respect it is natural to consider a quantum phase transition driven by the ratio between variances for the RKKY and hybridization couplings.
III. PHASE DIAGRAM A. Slave boson representation and mean field approximation
We solve the effective DMFT action based on the U(1) slave boson representation
with the single occupancy constraint |b
In the mean field approximation we replace the holon operatorb a with its expectation value b a ≡ b a . Then, the effective action Eq. (4) becomes
where λ a is a lagrange multiplier field to impose the constraint and q
Taking the M → ∞ limit, we obtain self-consistent equations for self-energy corrections,
respectively, where local Green's functions are given by
In the paramagnetic and symmetric replica phase these Green's functions are diagonal in the spin and replica indices, i.e., G ab xσσ ′ (τ ) = δ ab δ σσ ′ G x (τ ) with x = c, f, cf, f c. Then, we obtain the Dyson equation
where ω l = (2l + 1)πT with l integer. Accordingly, Eqs. (9)- (12) are simplified as follows
in the frequency space. Note that n is the replica index and the last terms in Eqs. (20)- (21) vanish in the limit of n → 0. R sσσs (iν m ) is the local spin susceptibility, given by
in the Fourier transformation. The self-consistent equation for boson condensation is
The constraint equation is given by
The main difference between the clean and disordered cases is that the off diagonal Green's function G f c (iω l ) should vanish in the presence of randomness in V with its zero mean value while it is proportional to the condensation b when the average value of V is finite. In the present situation we find
B. Numerical analysis
We use an iteration method in order to solve the mean field equations (18), (19) , (20), (21), (23) 
where ρ f (ω) = −ImG f (ω +i0 + )/π is the density of states for f-electrons, and f (x) = 1/(exp(x) + 1) is the FermiDirac distribution function. Then, the self-energy correction from spin correlations is expressed as follows
Performing the Fourier transformation, we calculate α ± (t) and obtain Σ J (ω). Figure 1 shows the phase diagram of the strongly disordered Anderson lattice model in the plane of (V, J), where V and J are variances for the Kondo and RKKY interactions, respectively. The phase boundary is characterized by |b| 2 = 0, below which |b| 2 = 0 appears to cause effective hybridization between conduction electrons and localized fermions although our numerical analysis shows f † σ c σ = 0, meaning Σ cf (f c) (iω) = 0 and G cf (f c) (iω) = 0 in Eqs. (20) and (21).
In Fig. 2 one finds that the effective hybridization enhances the scattering rate of conduction electrons dramatically around the Fermi energy while the scattering rate for localized electrons becomes reduced at the resonance energy. Enhancement of the imaginary part of the conduction-electron self-energy results from the Kondo effect. In the clean situation it is given by the delta function associated with the Kondo effect [26] . This selfenergy effect reflects the spectral function, shown in Fig.  3 , where the pseudogap feature arises in conduction electrons while the sharply defined peak appears in localized electrons, identified with the Kondo resonance although the description of the Kondo effect differs from the clean case. Increasing the RKKY coupling, the Kondo effect is suppressed as expected. In this Kondo phase the local spin susceptibility is given by Fig. 4 , displaying the typical ω-linear behavior in the low frequency limit, nothing but the Fermi liquid physics for spin correlations [20] . Increasing J, incoherent spin correlations are enhanced, consistent with spin liquid physics [20] .
One can check our calculation, considering the J = 0 limit to recover the known result. In this limit we obtain an analytic expression for V c at half filling (µ = 0)
where ρ 0 (ω) = conduction electrons. One can check V c (J = 0) → 0 in the zero temperature limit because P c → ∞.
IV. NATURE OF QUANTUM CRITICALITY A. Beyond the saddle-point analysis : Non-crossing approximation
Resorting to the slave-boson mean-field approximation, we discussed the phase diagram of the strongly disordered Anderson lattice model, where a quantum phase transition appears from a spin liquid state to a dirty "heavy-fermion" Fermi liquid phase, increasing V /J, the ratio of variances of the hybridization and RKKY interactions. Differentiated from the heavy-fermion quantum transition in the clean situation, the order parameter turns out to be the density of holons instead of the holon condensation. Evaluating self-energies for both conduction electrons and localized electrons, we could identify the Kondo effect from each spectral function. In addition, we obtained the local spin susceptibility consistent with the Fermi liquid physics.
The next task will be on the nature of quantum criticality between the Kondo and spin liquid phases. This question should be addressed beyond the saddle-point analysis. Introducing quantum corrections in the noncrossing approximation, justified in the M → ∞ limit, we investigate the quantum critical point, where density fluctuations of holons are critical.
Releasing the slave-boson mean-field approximation to take into account holon excitations, we reach the following self-consistent equations for self-energy corrections, 
Since we considered the paramagnetic and replica symmetric phase, it is natural to assume such symmetries at the quantum critical point. Note that the off diagonal self-energies, Σ cf (iω l ) and Σ f c (iω l ), are just constants and proportional to f † σ c σ and c † σ f σ , respectively. As a result, Σ cf (iω l ) = Σ f c (iω l ) = 0 should be satisfied at the quantum critical point as the Kondo phase because of f † σ c σ = c † σ f σ = 0. Then, we reach the following self-consistent equations called the non-crossing approximation
Local Green's functions are given by
where ω l = (2l + 1)πT is for fermions and ν l = 2lπT is for bosons.
B. Asymptotic behavior at zero temperature
Calling quantum criticality, power-law scaling solutions are expected. Actually, if the second term is neglected in Eq. (35), Eqs. (35) and (36) are reduced to those of the multi-channel Kondo effect in the noncrossing approximation [26] . Power-law solutions are well known in the regime of 1/T K ≪ τ ≪ β = 1/T → ∞, where
is an effective Kondo temperature [33] 2 ). Our power-law ansatz is as follows
where A c , A f , and A b are positive numerical constants.
In the frequency space these are
where (43)- (45) into Eqs. (34)- (36), we obtain scaling exponents of ∆ c , ∆ f , and ∆ b . In appendix C-1 we show how to find such critical exponents in a detail. Two fixed points are allowed. One coincides with the multi-channel Kondo effect, given by ∆ c = 1, and ∆ f = One can understand the critical exponent ∆ f = 1/2 as the proximity of the spin liquid physics [18] . Considering the V → 0 limit, we obtain the scaling exponents of ∆ c = 1 and ∆ f = 1/2 from the scaling equations (C22) and (C23). Thus, G c (ω) ∼ sgn(ω) and G f (ω) ∼ 1/ √ ω result for ω → 0. In this respect both spin fluctuations and holon excitations are critical as equal strength at this quantum critical point.
C. Finite temperature scaling behavior
We solve Eqs. (34)- (36) in the regime τ, β ≫ 1/T K with arbitrary τ /β, where the scaling ansatz at zero temperature is generalized as follows
with α = c, f, b is the scaling function at finite temperatures. In the frequency space we obtain
whereω l = (2l + 1)π,ν l = 2lπ, and
Inserting Eqs. (50)- (52) into Eqs. (34)- (36), we find two fixed points, essentially the same as the case of T = 0. But, scaling functions of Φ c (iω l ), Φ f (iω l ), and Φ b (iω l ) are somewhat complicated. All scaling functions are derived in appendix C-2.
D. Spin susceptibility
We evaluate the local spin susceptibility, given by
The imaginary part of the spin susceptibility χ ′′ (ω) = Im χ(ω + i0 + ) can be found from
Inserting the scaling ansatz
into Eq. (55) with Eq. (54), we obtain
Changing the variable t = i(τ /β − 1/2), we obtain
As a result, we find the scaling function
This coincides with the spin spectrum of the spin liquid state when V = 0 [20] .
E. Discussion : Deconfined local quantum criticality
The local quantum critical point characterized by ∆ c = 1 and ∆ f = ∆ b = 1/2 is the genuine critical point in the spin-liquid to local Fermi-liquid transition because such a fixed point can be connected to the spin liquid state (∆ c = 1 and ∆ f = 1/2) naturally. This fixed point results from the fact that the spinon self-energy correction from RKKY spin fluctuations is exactly the same order as that from critical holon excitations. It is straightforward to see that the critical exponent of the local spin susceptibility is exactly the same as that of the local charge susceptibility (2∆ f = 2∆ b = 1), proportional to 1/τ . Since the spinon spin-density operator differs from the holon charge-density operator in the respect of symmetry at the lattice scale, the same critical exponent implies enhancement of the original symmetry at low energies. The symmetry enhancement sometimes allows a topological term, which assigns a nontrivial quantum number to a topological soliton, identified with an excitation of quantum number fractionalization. This mathematical structure is actually realized in an antiferromagnetic spin chain [30] , generalized into the two dimensional case [27, 28] .
We propose the following local field theory in terms of physically observable fields
represents an O(4) vector, satisfying the constraint of the delta function. Υ ab (τ − τ ′ ) determines dynamics of the O(4) vector, resulting from spin and holon dynamics in principle. However, it is extremely difficult to derive Eq. (60) from Eq. (4) because the density part for the holon field in Eq. (60) cannot result from Eq. (4) in a standard way. What we have shown is that the renormalized dynamics for the O(4) vector field follows 1/τ asymptotically, where τ is the imaginary time. This information should be introduced in Υ ab (τ − τ ′ ). g ∝ V /J is an effective coupling constant, and S top is a possible topological term.
One can represent the O(4) vector generally as follows
where θ a (τ ), φ a (τ ), ϕ a (τ ) are three angle coordinates for the O(4) vector. It is essential to observe that the target manifold for the O(4) vector is not a simple sphere type, but more complicated because the last component of the O(4) vector is the charge density field, where three spin components lie in −1 ≤ S a x (τ ), S a y (τ ), S a z (τ ) ≤ 1 while the charge density should be positive, 0 ≤ ρ a (τ ) ≤ 1. This leads us to identify the lower half sphere with the upper half sphere. Considering that sin θ a (τ ) can be folded on π/2, we are allowed to construct our target manifold to have a periodicity, given by
. This folded space allows a nontrivial topological excitation.
Suppose the boundary configuration of
. Interestingly, this configuration is topologically distinguishable from the configuration of Ψ a (0, φ a , ϕ a ; τ = 0) and
with Ψ a (π/2, φ a , ϕ a ; 0 < τ < β) because of the folded structure. The second configuration shrinks to a point while the first excitation cannot, identified with a topologically nontrivial excitation. This topological excitation carries a spin quantum number 1/2 in its core, given by
This is the spinon excitation, described by an O(3) nonlinear σ model with the nontrivial spin correlation function Υ ab (τ − τ ′ ), where the topological term is reduced to the single spin Berry phase term in the instanton core.
In this local impurity picture the local Fermi liquid phase is described by gapping of instantons while the spin liquid state is characterized by condensation of instantons. Of course, the low dimensionality does not allow condensation, resulting in critical dynamics for spinons. This scenario clarifies the Landau-Ginzburg-Wilson forbidden duality between the Kondo singlet and the critical local moment for the impurity state, allowed by the presence of the topological term.
If the symmetry enhancement does not occur, the effective local field theory will be given by
with the single-spin Berry phase term
where charge dynamics χ ab (τ − τ ′ ) will be different from spin dynamics R ab (τ − τ ′ ). This will not allow the spin fractionalization for the critical impurity dynamics, where the instanton construction is not realized due to the absence of the symmetry enhancement.
V. SUMMARY
In this paper we have studied the Anderson lattice model with strong randomness in both hybridization and RKKY interactions, where their average values are zero. In the absence of random hybridization quantum fluctuations in spin dynamics cause the spin glass phase unstable at finite temperatures, giving rise to the spin liquid state, characterized by the ω/T scaling spin spectrum consistent with the marginal Fermi-liquid phenomenology [18] . In the absence of random RKKY interactions the Kondo effect arises [24] , but differentiated from that in the clean case. The dirty "heavy fermion" phase in the strongly disordered Kondo coupling is characterized by a finite density of holons instead of the holon condensation. But, effective hybridization exists indeed, causing the Kondo resonance peak in the spectral function. As long as variation of the effective Kondo temperature is not so large, this disordered Kondo phase is identified with the local Fermi liquid state because essential physics results from single impurity dynamics, differentiated from the clean lattice model.
Taking into account both random hybridization and RKKY interactions, we find the quantum phase transition from the spin liquid state to the local Fermi liquid phase at the critical (V c , J c ). Each phase turns out to be adiabatically connected with each limit, i.e., the spin liquid phase when V = 0 and the local Fermi liquid phase when J = 0, respectively. Actually, we have checked this physics, considering the local spin susceptibility and the spectral function for localized electrons.
In order to investigate quantum critical physics, we introduce quantum corrections from critical holon fluctuations in the non-crossing approximation beyond the slave-boson mean-field analysis. We find two kinds of power-law scaling solutions for self-energy corrections of conduction electrons, spinons, and holons. The first solution turns out to coincide with that of the multi-channel Kondo effect, where effects of spin fluctuations are subleading, compared with critical holon fluctuations. In this respect this quantum critical point is characterized by breakdown of the Kondo effect while spin fluctuations can be neglected. On the other hand, the second scaling solution shows that both holon excitations and spinon fluctuations are critical as the same strength, reflected in the fact that the density-density correlation function of holons has the exactly the same critical exponent as the local spin-spin correlation function of spinons.
We argued that the second quantum critical point implies an enhanced emergent symmetry from O(3)×O(2) (spin⊗charge) to O(4) at low energies, forcing us to construct an O(4) nonlinear σ model on the folded target manifold as an effective field theory for this disorderdriven local quantum critical point. Our effective local field theory identifies spinons with instantons, describing the local Fermi-liquid to spin-liquid transition as the condensation transition of instantons although dynamics of instantons remains critical in the spin liquid state instead of condensation due to low dimensionality. This construction completes novel duality between the Kondo and critical local moment phases in the strongly disordered Anderson lattice model.
We explicitly checked that the similar result can be found in the extended DMFT for the clean Kondo lattice model, where two fixed point solutions are allowed [34, 35] . One is the same as the multi-channel Kondo effect and the other is essentially the same as the second solution in this paper. In this respect we believe that the present scenario works in the extended DMFT framework although applicable to only two spatial dimensions [17] .
One may suspect the applicability of the DMFT framework for this disorder problem. However, the hybridization term turns out to be exactly local in the case of strong randomness while the RKKY term is safely approximated to be local for the spin liquid state, expected to be stable against the spin glass phase in the case of quantum spins. This situation should be distinguished from the clean case, where the DMFT approximation causes several problems such as the stability of the spin liquid state [36] and strong dependence of the dimension of spin dynamics [17] . The replica trick [5] has been utilized for the disorder average, given by the following identity ln Z = lim 
where the corresponding replica action is 
with the spin index σ = 1, ..., M and the replica index a = 1, ..., n.
The disorder average for the replicated partition function is straightforward, given by
where P [ε i ] is the Gaussian distribution function with dε i P [ε i ] = 1. Performing integrals for random variables, we obtain an effective action Eq. (3). We solve the replicated Anderson lattice model Eq. (3) in the DMFT approximation. We apply the cavity method for the DMFT mapping [16] 
∆S n = − 
where R ab (0) . One can easily verify that all higher order expansions in Eq. (B4) vanish in the limit z → ∞, which is at the heart of the DMFT approximation [16] .
In the z → ∞ Bethe lattice we perform further simplification [16] 
As a result, we reach an effective single-site action Eq. (4) called the DMFT approximation.
